Sedimentary rocks such as coal and carbonaceous mudstone which contain abundant carbonaceous matter are characterized by thermal conductivity much lower than that exhibited by other common rock types, by a factor of 5-10. As a result, temperature gradients in such sediments can range u p to 0.25 "C m-' even under conditions of average heat flow. When such steep gradients extend over a significant sedimentary thickness, temperatures of underlying rock units are elevated, causing both organic and inorganic phases to record what seem to be anomalously high levels of thermal maturity. T h i s carbonaceous blanket insulating effect may help to explain unusual levels of maturity observed at shallow depths in the Appalachian Basin, Michigan Basin and other regions of the world with significant carbonaceous strata.
I N T R O D U C T I O N
A common observation in many sedimentary basins is the occurrence of high thermal maturities, as indicated by coal rank, vitrinite reflectance, conodont alteration indices, fission-track annealing histories, fluid inclusion homogenization behaviour or other geological parameters, at the surface or at shallow depths of burial. Because normal geothermal gradients could not produce the palaeotemperatures suggested by these indicators at their current burial depths, such maturities have been termed anomalous. Many recent studies have explained the presence of anomalous thermal maturities as evidence for former tectonic events involving significantly higher heat flow or large regional uplift and erosion. In this study, we present an alternative hypothesis that offers an explanation for anomalous thermal maturities simply as a consequence of a relatively thin thermal blanket comprising low-thermal-conductivity carbonaceous sediments, a common class of sedimentary rock.
P R E V I O U S I N T E R P R E T A T I O N S
Anomalously high thermal maturity measurements in sedimentary basins have been cited by some investigators as evidence for large-scale regional events. In some cases, erosion of several kilometres of overburden has been inferred to bring formerly deeply buried sediments closer to the surface. For example, Friedman (1987 ), Miller & Duddy (1989 and Zhang & Davis (1993) have postulated that the high thermal maturities of Palaeozic rocks in the northern Appalachian Basin resulted from the erosion of several kilometres of sediment during the Alleghenian orogeny. Similarly, Crowley et al. (1986 ( ), Crowley (1991 and Arne (1992) have interpreted fission-track annealing histories as evidence for several kilometres of erosion in the northern mid-continent and Ouachita-Arkoma Basin regions of the United States, respectively. Other workers have invoked higher than normal heat flows (and thus higher than normal geothermal gradients) as an explanation for unusual maturities. Examples of the latter approach include studies of the Rhine basins by Teichmuller & Teichmuller (1986) , of the Appalachian Basin by Hower & Davis (1981) and of the Michigan Basin by Cercone (1984) .
In many cases, however, neither an erosional nor an above-normal heat flow hypothesis can provide a satisfactory explanation of anomalous thermal maturities. Great amounts of erosion require a tectonic mechanism for uplift which is not always available. Moreover, in some areas adjacent uneroded regions provide stratigraphic constraints that do not permit the reconstruction of great thicknesses of former overburden over the area of interest. Similarly, high heat flow from the basement requires a causative thermal event in the lower crust or upper mantle which typically would be accompanied by magnetic and diagenetic overprints and later followed by subsidencc, evidence for which is absent in many anomalously mature settings. In addition, the presence of high geothermal gradients throughout a sedimentary sequence could cause thc scdimcnts lowest in thc section to show extremely high thermal maturities or to become metamorphically altered, effects which are seldom observed. Nunn (1986) recognized such difficulties in most extant models of thc thermal history of the Michigan Basin sediments, arid suggested that perhaps thc hydrocarbons resident in that basin had acquircd higher levels of maturity at greater depths, latcr to migrate to their present shallow depths. In this paper we offer another possible explanation of anomalous thermal maturities, without rccourse to extraordinary thermal or tectonic cvents, an explanation that has its origin in the sedimentary sequence itself.
T H E C A R B O N A C E O U S S E D I M E N T B L A N K E T H Y P O T H E S I S
Many sedimentary basins contain sections of coals, carbonaceous mudstones or othcr organic-rich rocks. These carbonaceous units are characterized by thermal conductivity in the range 0.25-1.0 W ni-' I C ' , significantly lower than the conductivity of most other sedimentary lithologies by a factor of 5-10 (Blackwell & Steele, 1989) . We call attention to the fact that the low thermal conductivity of these units will be accompanied by steep temperature gradients through the carbonaceous section, even under the conditions of avcrage or below average heat flow common to many basin and platform settings. The high temperature gradient across even modest thicknesses of carbonaceous section leads to a significant increment in temperature. As the temperature at the base of the carbonaceous section is also the temperature at the top of the underlying strata, the temperature throughout the underlying units is higher by
an amount equal to the increase of temperature across the carbonaceous section, even though the heat flow is uniform and the geothermal gradient below the carbonaceous section is ordinary. This temperature increment to the underlying units causes them to become significantly more thermally mature than would be caused by burial to the same depth beneath ordinary scdimcnts. T h e large but uniform increment of temperature below the carbonaceous blanket contrasts with a variable temperature increment proportional to the depth of burial which would arise from an increascd basement heat flow, The carbonaceous blanket thus avoids the deep 'over-maturity' consequence of an increased heat flow hypothesis.
Evidence demonstrating the thermal blanket effect was recently obtained by one of us (H.N.P.) as part of a regional heat flow measurement programme in southern Africa (Ballard el a/. , 1987). Tcniperature measurements in the Karoo coal measures of eastern Botswana yielded thermal gradients well in excess of 0.1 "C m I , whereas in the crystalline basement beneath or nearby the coal basins the temperaturc gradient was typically less than 0.02 "C rn-' (Fig. I ). T h e thickness of the coal measures in this area is about 100-150m, and the temperature increases across the carbonaceous section are in the range 8-10 "C. The regional heat flow in this area is about 45 mW K2, a v-alue characteristic of many Archaean cratons but well below the worldwide average of 65 mW m -' for continents and the global average of 87 mW m-* (~o~l a c~i el a/., 1993).
The thermal conductivity of the lithologies present in the Karoo section (Fig. 2) Thermal Conductivity (W rn-l K-l) The presence of such large temperature steps across carbonaceous sections has generally gone unnoticed in most petroleum boreholes because they are not usually subjected to a continuous temperature vs. depth log, which would reveal a steep gradient interval if present. The more common temperature measurement is simply a bottom-hole temperature taken after the completion of drilling. The anomalous temperature increase across a few hundred metres of carbonaceous section, when averaged over a few thousand metres of total depth, does not attract attention.
The effect of low-conductivity carbonaceous sediments on the thermal condition of a sedimentary basin is summarized in Fig. 3 . Because the carbonaceous thermal blanket warms only the strata beneath it, its effect on the thermal regime of a basin will be greatest when the carbonaceous rocks lie close to or at the top of the sedimentary sequence. T h e elevated temperatures will persist for as long as the carbonaceous unit resides overhead, provided that it does not become either so compacted or so permeable that the effective thermal conductivity increases and the insulating effect is impaired. T h e magnitude of the carbonaceous blanket temperature increment will vary from region to region, since it is determined by the regional heat flow, and the thickness and average organic content of the carbonaceous section. Figure 1 shows temperature increments of 10°C over a 150-m depth interval, and as mentioned earlier Blackwell & Steele (1988) describe a 15 "C increment over a 250-m depth interval in the coal-bearing paludal sequence at the base of the Mesa Verde Formation of the Piceance Basin in western Colorado.
Temperature is the strongest factor in all models of organic maturation. The simplest model of the influence of temperature ascribes a factor of two increase in reaction rates for every 10°C increase in temperature (Lopatin, 1971; Waples, 1980) . Avore elaborate models include parallel Arrhenius reactions with a distribution of activation energies (Quigley 81 Mackenzie, 1988; Sweeney & Burnham, 1990; Hunt et ul., 1991) in which individual reaction rates are exponential functions of temperature. In either type of kinetic model the long-term increase in temperature caused by a blanket of carbonaceous sediments should be extremely significant in the formation of liquid and gaseous hydrocarbons or maturation of coal deposits within a sedimentary basin. Bostick & Freeman (1984) call attention to anomalously high vitrinite reflectance in the deeper sections of the well in which Blackwell and Steele observed the carbonaceous blanket effect. Other studies (Kamp & Green, 1990; Waples et al., 1992) also record variations in thermal maturity which appear to correlate with the distribution of overly-ing carbonaceous scdiments. Cercone & Pollack (1 991) have invoked the carbonaceous thermal blanket effect as a possible cxplanation of the anomalously high thermal maturities at shallow depths in the Michigan Basin. We conclude that a failure to takc into account in thermal models the insulating effect of carbonaceous sediments could lead to serious underestimates of thermal maturity in underlying strata. This could influence not only the predicted window of hydrocarbon generation within a basin, but also its potential as a source of mineralizing thermal fluids for ore deposits.
The suggestion that carbonaceous scdiments can lead to anomalously high thermal maturities in the scdimentary section beneath does not mean that the alternative hypotheses of erosion and high heat flow must always be rejected. There are many areas where no case can be made for the presence, now or in the past, of a carbonaceous section, and where erosion or high heat flow can be documented not only by anomalously high thermal maturity indices but by other geological evidence as well. We argue only that thermal models of any stratigraphic section which contains highly organic-rich marine shales or coal-bearing fluvial/ deltaic deposits should take into account the effects of the very low thermal conductivity of these rock types. In some cases, thesc effects may be sufficient to explain higher thermal maturity values in underlying rocks without calling upon obscure tectonothermal cvents to provide deep erosion and/or high heat flow.
C O N C L U S I O N S
Sedimentary rocks which contain abundant carbonaceous material have much lower thermal conductivities than many other rock types. The presence of such units in a stratigraphic section results in anomalousl>-high temperature gradients through the carbonaceous interval, and a significant increase of tcmjxrature across it. Underlying rocks arc thus warmer by the amount of the anomalous increase in temperature across the carbonaceous section, even under conditions of average heat flow. As a result, thermal maturities of thc underlying units may become anomalously high. Because this insulating blanket warms only the strata beneath it, the volume of rock affected by it is greater when the blanket occurs at shallow dcpths in thc basin. Wc suggest that thermal models of sedimentary sequenccr with carbonaceous rocks should take this insulating efTect into account, in order to arrive at an accurate estimate of the thermal, burial and tectonic history of the region.
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